We employ a combination of 13 C/ 15 N magic angle spinning (MAS) NMR and 2 H NMR to study the structural and functional consequences of different membrane environments on VDAC1, and, conversely, the effect of VDAC1 on the structure of the lipid bilayer. MAS spectra reveal a well structured VDAC1 in 2D crystals of dimyristoylphosphatidylcholine (DMPC) and diphytanoylphosphatidylcholine (DPhPC) and their temperature dependence suggests that VDAC structure does not change conformation above and below the lipid phase transition temperature. The same data show that the N-terminus remains structured at both low and high temperatures. Importantly, functional studies based on electrophysiological measurements on these same samples show fully functional channels, even without the presence of Triton X-100 that has been found necessary for in-vitro-refolded channels. 2 H solid state NMR and differential scanning calorimetry were used to investigate the dynamics and phase behavior of the lipids within the VDAC1 2D crystals. 2 H NMR spectra indicate that the presence of protein in DMPC results in a broad lipid phase transition that is shifted from 19°C to ~27°C and show the existence of different lipid populations, consistent with the presence of both annular and bulk lipids in the functionally and structurally homogeneous samples.
Introduction
Interactions between integral membrane proteins and the membrane lipid environment influence the conformation and function of membrane proteins 1 . Lipid phase, composition, and membrane thickness are known to affect the structure and activity of membrane proteins. A key example has been observed in cells where most bilayers are reported to be in a liquid-crystalline (Lα) phase 2 in which membrane proteins are known to be functional; changes from L α to the gel phase (L β ) have been correlated with a loss of activity [3] [4] [5] . Simultaneously, the presence of membrane proteins in the bilayer affects the properties of the surrounding lipids, which can be directly observed through changes in phase transition temperatures, enthalpies, and 2 H NMR spectra that probe lipid order parameters. Proteinlipid and protein-protein interactions in the bilayer mediate biological functions including membrane fusion 6 and signal transduction 7 . Furthermore, some studies of cell membranes suggest that the formation of lipid rafts are correlated with high protein concentration 8 although this relationship is still regarded to be controversial and has yet to be fully understood 9 .
The effects of protein-lipid and protein-protein interactions can be particularly prominent when the protein concentration is high and, in certain cases, ordered unilamellar or multilamellar sheet-like arrays, known as 2-dimensional (2D) crystals, can form. 2D membrane protein crystals are known to be present in vivo for several proteins, including bacteriorhodopsin 10 , water channels 11 , and the nicotinic acetylcholine receptor 12 . Many additional examples exist of membrane proteins that form 2D crystals when isolated and reconstituted into single-component lipid bilayers 13 .
2D crystals are also of great interest within the structural biology community as the inherent order facilitates studies with electron microscopy (EM) 14 and atomic force microscopy 15 . Not surprisingly, a number of 3D membrane protein structures have been determined at various resolutions with cryo-EM, including bacteriorhodopsin 10 , light harvesting complex II 16 , gap junction channels 17 , and bacterial porins 18 . Another approach to examine 2D crystals of membrane proteins is magic angle spinning NMR (MAS NMR). In particular, the microscopic order in 2D crystals results in high resolution spectra that yield atomic level details of membrane protein structure and mechanistic information as demonstrated by several investigations [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Thus, 2D crystal preparations are a promising alternative to 3D crystallization since: (1) membrane proteins can be reconstituted into a more native-like lipid bilayer 15 , (2) membrane proteins in 2D crystals can retain full functionality 31 , and (3) 2D crystals are possibly easier to obtain. Furthermore, unlike 3D crystals, which contain fewer lipid molecules per protein, membrane proteins in 2D crystals are surrounded by a continuous lipid bilayer 32 .
Despite the extensive use of 2D crystals in structural studies, little is known about the lipid dynamics and phase behavior of the lipid bilayers in these systems. Specifically, what is the nature of the lipid environment in 2D crystals and how does it compares to lipid environments established for well-studied pure lipids [33] [34] [35] or with lower protein concentration 36 ? Lipid-protein interactions in a 2D crystal were previously studied by EM for the water channel AQP0 11, 32, 37 where Gonen et al. found that most annular lipids are tightly packed between adjacent tetramers of AQP0, mediating lattice interactions 11 . This suggested that channel mobility and conformational flexibility within the bilayer were very restricted. However, while EM can provide a picture of lipid arrangement and adaptation to the membrane protein, it does not directly provide information about the dynamics of the lipid bilayers, including changes in transition temperatures and lipid order parameters.
Solid state 2 H NMR is probably the most useful technique to investigate lipid dynamics on an atomic level and in a noninvasive manner. For a CD bond in a polymethylene chain the 2 H quadrupole coupling constant is ~167 kHz. This allows one to examine molecular motion on time scale of ~10 −3 -10 −8 s based on quadrupole echo lineshapes [38] [39] [40] [41] . Such 2 H spectra have been used extensively to study lipid dynamics and changes in lipid phase behavior due to heterogeneous lipid composition, lipid-cholesterol interactions [42] [43] [44] [45] [46] , and hydrophobic mismatch 47, 48 . Despite its extensive use, 2 H NMR has not been utilized to examine changes in lipid dynamics for 2D crystals and, in particular, it has not been used to study the effect of β-barrel insertion on lipid dynamics. In addition, with a 13 C/ 15 N labeled protein and 2 H labeled lipids it is possible to observe static 2 H NMR and MAS NMR spectra under identical conditions to obtain paired measurements of lipid dynamics and atomic level protein structural information. MAS NMR has yielded high resolution spectra on a growing number of membrane proteins, including bR 24,28,29,,49 , KcsA 50 , phospholamban 51 , DsbB 52 , and OmpG 30 . By combining both 2 H static NMR and MAS NMR, we can probe the influence of membrane proteins on surrounding lipids, and, at the same time the influence of the lipid environment on the integral membrane proteins under similar conditions.
The voltage-dependent anion channel isoform 1 (VDAC1) is a 32 kDa integral membrane protein that controls transport of metabolites between the outer mitochondrial space and the cytosol [53] [54] [55] [56] . VDAC1 is a typical beta barrel ion channel with structures known from detergent based solution NMR and crystallographic studies [57] [58] [59] . Its function has been extensively studied 54, 56, [60] [61] [62] , and 2D crystals of VDAC1 have been previously characterized by EM [63] [64] [65] [66] . In analogy to various other membrane proteins, several studies suggest a significant impact of membrane lipid composition and protein lipid-interactions on VDAC activity. For example, (1) VDAC gating may be regulated by characteristic mitochondrial lipids 67 , VDAC channels isolated from the seeds of Phaseolus coccineus are sensitive to cholesterol and phytosterols 68 , (3) VDAC has been reported to associate with detergent resistant microdomains isolated from mitochondria 69 , and (4) interaction of VDAC with proteins such as Bcl-x L are suggested to depend on membrane composition 70 . Thus, it is pertinent to understand the effect of these varying lipid environments on the structure of the embedded protein.
Here we apply a combination of functional assays, static 2 H NMR, 13 C, 15 N MAS NMR, and differential scanning calorimetry (DSC) to investigate VDAC1 2D crystals containing different lipids or lipid mixtures. Importantly, functional assays performed on VDAC1 reconstituted directly from such 2D crystals show they insert into planar lipid membranes and that resulting channels gate properly. Furthermore, insertion and gating occurs in the absence of Triton X-100 in the sample buffer, in contrast to the situation for detergent solubilized samples where it is required for insertion into the lipid bilayer 57 . We employ DSC and temperature dependent solid state 2 H NMR to examine the phase equilibria and dynamic behavior of DMPC lipids in the 2D crystals over a temperature range from 14 °C to 45 °C. Our results reveal a phase transition for lipids in 2D crystals shifted to a higher T M (~27 °C) and suggest the coexistence of both gel and liquid crystalline phases across this temperature range. Finally, MAS NMR spectra of 13 C/ 15 N labeled VDAC1 in 2D crystals has permitted a detailed residue-specific structural inspection of the protein under conditions of varying lipid phase, lipid composition and hydrophobic mismatch, facilitated by the high spectral resolution and sensitivity permitted by our preparation protocol. Earlier MAS NMR studies on VDAC1 were performed under significantly higher lipid-to-protein ratios that are more consistent with the formation of liposomes rather than 2D crystals 71 . Under those conditions the protein was found to feature a rigid N-terminus, which was unaffected by changes in lipid composition and temperature explored in the study 71 . Our study shows that the protein behaves similarly in 2D crystals. For 2D crystals comprised of DMPC, the 13 C/ 15 N spectra show that neither the N-terminus nor the β-barrel of the protein show structural changes between 4-30°C, despite the change in lipid phase that we observe by DSC and 2 H NMR. In addition, the VDAC1 structure is very similar in pure DMPC, DMPC/ dioleylphosphatidylglycerol (DOPG) mixtures, and pure diphytanoylphosphatidylcholine (DPhPC), where the latter is of particular interest given its use in VDAC1 functional studies. Our data provide insights into the consequences of 2D crystal formation for membrane protein studies, permit us to postulate a model for the number of annular and 'bulk' lipid molecules in the 2D crystal and explore the extent to which the protein and lipids undergo conformational changes to minimize hydrophobic mismatch.
Experimental Section Materials
1,2-dimyristoyl(d 54 )-sn-glycero-3-phosphocholine (d 54 -DMPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG), and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) were obtained from Avanti Polar Lipids (Alabaster, AL). Deuterium depleted H 2 O was obtained from Cambridge Isotope Laboratory (Andover, MA). Octyl-POE (polyoxyethelene) was obtained from Bachem (King of Prussia, PA). All other reagents were obtained from Fischer.
Preparation of VDAC1/DMPC 2D crystals
Protocols for expression, refolding, and purification of VDAC1 were based on the work of Malia and Wagner, 72 and Hiller et al 73 . Human VDAC1 was expressed in BL21 (DE3) cells transformed with VDAC1 plasmid containing a 6x C-terminal histidine tag. Cells were grown in either natural abundance LB media or M9 media containing 13 C glucose and 15 N ammonium chloride (Cambridge Isotope Labs, Andover MA) at 37 °C until reaching an OD 600 of 0.8. Overexpression was induced with 1 mM IPTG for 3-5 hours. After lysis of cells and isolation of inclusion bodies, VDAC1 was purified under denaturing conditions (8 M urea, 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 20 mM imidazole) over Ni-agarose resin and eluted with the same buffer containing 250 mM imidazole. Fractions containing VDAC1 were dialyzed against 4 L of buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 20 mM BME). Precipitated VDAC1 was then centrifuged and dissolved in 8 M urea buffer or 6 M GuHCl buffer. VDAC1 was refolded at 4 °C by dropwise dilution into 10x volume of refolding buffer (25 mM NaPO 4 , pH 7.0, 100 mM NaCl, 1 mM EDTA, 20 mM BME, 43 mM lauryldimethylamine oxide (LDAO)). Refolded VDAC1 samples were dialyzed against 20x volume of buffer (25 mM NaPO 4 , pH 7.0, 2-3 mM DTT, 1mM EDTA). Final purification was done by cation exchange chromatography, and fractions containing folded VDAC1 were concentrated using Centricon MWCO 10,000 centrifugal filters.
2D crystals were prepared according to the procedure published by Dolder et al. 63 with some modifications. Purified, refolded VDAC1 in 4.3 mM LDAO was dialyzed for 24 hr against 2-4 L of buffer (0.6% (w/v) octyl-POE, 50 mM Tris-HCl, pH 8.0, 4-5 mM dithiothreitol (DTT). Dry DMPC (d 54 -DMPC for 2 H NMR studies) was solubilized in 1% octyl-POE and added to VDAC1 at a lipid/protein ratio of 1:2 (w/w) or as indicated. The mixture was then dialyzed against buffer containing 150 mM NaCl, 20 mM MgCl 2 , 10 mM MES, and 4 mM DTT at pH 6.5 at room temperature for several days, with twice per day 4 L buffer changes in a dialysis cassette with 10 kDa MWCO. Dialysis was allowed to continue for at least an additional 4-5 days after crystals appeared fully formed. Harvested crystals were washed with 25 mM NaPO 4 at pH 7 to remove any remaining detergent and salt for NMR studies. Samples used for 2 H NMR studies were washed with buffer made from 2 H depleted H 2 O. Samples are refrigerated at 4 °C when not in use.
Differential scanning calorimetry
DSC measurements were performed using a MicroCal VP-DSC (Piscataway, NJ). Pure d 54 -DMPC and VDAC1/d 54 -DMPC 2D crystals were each mixed with excess 25mM phosphate buffer at pH 7.0 at room temperature. All buffers and samples were degassed for 10 minutes under vacuum prior to the experiments. The scan rate was 1 °C/min from 1-40 °C with 30 minutes between each scan to allow temperature re-equilibration. The buffer itself was scanned before the samples to obtain a reproducible baseline. Each experiment was allowed to run overnight to ensure reproducibility. Data analysis was performed using the Origin DSC software included with the calorimeter.
NMR Spectroscopy
Solid state 2 H NMR experiments were performed on a custom-built spectrometer (Courtesy of Dr. D. Ruben) operating at 60.8 MHz for 2 H using a single-channel probe with 4.0 mm coil. Spectra were obtained with a quadrupolar echo sequence 38 with a π/2 pulse of 2.5 μs and a delay of 30 μs between the two pulses. Oriented 2 H NMR spectra (θ = 0°) were calculated by de-Pake-ing method described by Sternin et al. 74 13 C-13 C correlation spectra were acquired with RFDR 75, 76 77 was used during evolution and acquisition periods (5.8 us pulse with relative phases of 0° and 13°s pinning at 12.5 kHz and 0° and 18° spinning at 20 kHz). Each spectrum averaged 32 scans per point unless otherwise noted. The temperature was calibrated at a given spinning frequency with a specified amount of cooling gas according to the chemical shift of 79 Br 78 . This provided a lower bound on the actual sample temperature, as it did not account for RF heating. Above the 2D crystal phase transition temperature, the sample temperature was calibrated at approximately 30 °C, and below the phase transition the temperature was calibrated to 0 °C without RF heating.
VDAC reconstitution and conductance measurements-Planar lipid membranes
were formed on a 70-90 μm diameter orifice in the 15-μm thick Teflon partition that separated two chambers as previously described 67 . Lipid bilayers used for membrane formation were made from a 5 mg/ml solution of DPhPC (purchased from Avanti Polar Lipids, Inc. Alabaster, AL) in pentane. The chambers were filled with of 1M KCl buffered with 5 mM HEPES at pH 7.4. Channel insertion was achieved by adding protein solutions into the 1.2 ml aqueous phase in the cis compartment while stirring. The protein added was either a 5 μL suspension of VDAC1/DMPC 2D crystals (undiluted), or 0.5 μL of VDAC1/ DMPC 2D crystals that had been diluted 1/100 (v/v) in a buffer "A" containing 10 mM Tris, 50 mM KCl, 1mM EDTA, 15% (v/v) DMSO, 2.5% (v/v) Triton X-100, pH 7.0. The potential was defined as positive when it was greater at the side of VDAC addition (cisside). Current recordings were performed as described previously 67 using an Axopatch 200B amplifier (Axon Instruments, Inc., Foster City, CA) in the voltage clamp mode. Singlechannel data were filtered by a low-pass 8-pole Butterworth filter (Model LPF-8, Warner Instrument Corp.) at 15 kHz and directly saved into the computer memory with a sampling frequency of 50 kHz.
The voltage-dependent properties of a VDAC-containing membranes were assessed following the protocol devised by Colombini and colleagues 60, 79 in which gating is inferred from the channel response to a slowly changing periodic transmembrane voltage. A symmetrical 5 mHz triangular voltage wave with ± 60 mV amplitude from a Function Waveform Generator 33120A (Hewlett Packard) was used. Data were acquired with Digidata 1322A board (Axon Instruments Inc.) at a sampling frequency of 1 Hz and analyzed using the pClamp 10.2 software (Axon Instruments, Inc.). Analysis of VDAC voltage-gating was performed following published protocols 67 . In each experiment, current records were collected in response to 5-8 periods of triangular voltage waves. Only the part of the wave during which the channels were reopening was used for the subsequent analysis.
Given the variable number of channels per experiment, the average conductance (G) was normalized to the maximum conductance (G max ).
Results
Electron Microscopy-The preparation of VDAC1 2D crystals from purified recombinantly expressed VDAC1 was described previously by Dolder et al. 63 . Since our preparations differed somewhat from the protocol used in Dolder et al., the first step in this work was to verify the formation of proper 2D crystals. Dialysis of approximately 20 mg VDAC1/10 mg DMPC dissolved in octyl-POE in a total volume of 40 mL showed signs of precipitation within 10-12 hours at room temperature, and mature 2D crystals formed after 1-2 days. Dialysis proceeded for at least an additional 4-5 days after crystals were fully formed to remove lingering detergent. The rate of 2D crystal formation depended to a large extent on the purity of refolded VDAC1 and to some extent on the amount of DTT present in the dialysis buffer; with more DTT 2D crystals formed more quickly. Preliminary samples not used in this study contained mixed populations of properly folded and unfolded VDAC and took at least twice as long to observe 2D crystal formation. 2D crystal samples were characterized by electron microscopy. An example image of VDAC1 2D crystals is shown in Figure S1 with overlapping sheets of VDAC1 2D crystals readily visible. It was difficult to isolate unilamellar sheets, similar to the reports by Dolder et al. 63 Functional assays VDAC voltage gating in planar lipid membranes-Functional assays were performed by reconstitution of the VDAC1-DMPC 2D crystals directly into planar membranes made of DPhPC and testing VDAC's gating properties. Non-ionic detergents, such as Triton X-100, are routinely used to stimulate VDAC insertion into the planar membranes 57 . However, the presence of detergent might affect VDAC folding in the planar membrane, 80 and consequently change channel properties. In order to rule out this possibility, we compared the effect of the presence or absence of detergent on VDAC's properties. VDAC was reconstituted into the planar membranes using two protocols: (1) directly from VDAC1/DMPC or (2) after dilution in buffer "A" (see Experimental Section) containing Triton X-100. Channel reconstitution from VDAC1 2D crystals without Triton X-100 required 10 3 fold more protein compared to channels reconstituted in the presence of the detergent. This confirms that Triton X-100 stimulates channel insertion. However, VDAC reconstituted with or without detergent showed typical VDAC basic properties, such as single channel conductance of 4.2 nS in 1 M KCl 56 and voltage gating at high, > 40 mV, applied voltages. Figure 1A shows representative traces of ion currents through single channels reconstituted from VDAC-DMPC 2D crystals without (top) or with (bottom) Triton X-100 detergent. Both traces show the typical VDAC gating when 40 -50 mV of applied voltage induced channel conductance transitions from the highly conducting "open" state to the low conducting "closed states". Voltage gating is a characteristic property of VDAC 56 , and the most reliable method to study VDAC voltage gating was designed by Colombini and coworkers. 81, 79 In this method, a slow symmetrical triangular voltage wave is applied to the membrane containing multiple channels allowing collection of statistics on many channels.
Representative current traces in response to these voltage waves are shown in Figure S2 without (top) and with (bottom) Triton X-100 in the buffer used for channel reconstitution. The analysis of multi-channel currents (15 to 340 channels) as shown in Figure S2 gave the calculation of the conductance at different voltages applied, resulting in characteristic bellshaped plots regardless of the presence of detergent ( Figure 1B) . VDAC closure was more pronounced at negative voltages in single and multi-channel (both with and without Triton X-100). This is a manifestation of an intrinsic asymmetry of VDAC 56 where VDAC has been shown to exhibit two different closed states depending on a sign of applied voltage. Figure 2 shows the endotherm of both pure d 54 54 -DMPC exhibits a sharp transition at 19 °C (rippled gel phase P β ′ to lamellar liquid crystal phase L α ), as expected, that has large transition enthalpy and is highly cooperative, with a pretransition at 8 °C (Lamellar gel phase L β ′ to rippled gel phase P β ′) that is broader with smaller transition enthalpy.
Differential scanning calorimetry-
The effect of VDAC1 on the lipid phase transition is immediately apparent in the DSC of the 2D crystals. VDAC1/d 54 -DMPC 2D crystals show a much broader phase transition spanning 20 degrees with a maximum at the transition temperature, T M , near 27 °C. The magnitude of the maximum observed transition enthalpy, ΔH, of VDAC1/d 54 -DMPC is only 6% of pure d 54 -DMPC, indicating the transition is almost completely eliminated or severely broadened. These observations are reminiscent of lipid samples containing a large amount of protein or cholesterol showing a large disruption in lipid acyl chain packing. 46, 82 The reduction of transition enthalpy and broadening of transition temperatures show the transition is less cooperative in the 2D crystal. The transition profile is asymmetric and can be decomposed into two narrow components and a broader component as shown in Figure 2 . The broad component is centered at 16 °C with a half-width of 8 degrees. The two narrower transitions are centered at 24 and 28 °C, with half width of 2.5 and 4.5 degrees, respectively.
2 H NMR Spectroscopy-The 2 H NMR spectra of pure d 54 -DMPC (mixed with 2H depleted buffer at a ratio of 1:1 (w/w)) and that of VDAC1/d 54 -DMPC 2D crystals (proteinto-lipid molar ratio of ~1:25) are presented in Figure 3 . Lipid liquid crystal and gel phases have distinct 2 H NMR lineshapes, therefore the phase boundary is apparent by examining 2 H NMR spectra as a function of temperature. In the liquid crystal phase, perpendicular edge quadrupolar splittings, Δν Q⊥ of various 2 H's in the hydrocarbon chain are between 5 to 30 kHz depending on their location in the lipid bilayer and the degree of acyl chain flexibility. The terminal methyl group of the acyl chain, located in the middle of the bilayer, has the smallest Δν Q⊥ that is also the easiest to quantify. The width of the , is determined by splittings of the least mobile methylenes that are near the middle of the acyl chain and closer to the phosphate group. Due to extensive overlap, the splittings of individual methylene groups are not easily determined. The line shapes of d 54 -DMPC/ VDAC 2D crystals share some features with the pure gel phase lipid 83 where the gauchetrans isomerization and axial diffusion slows and the spectrum broadens.
As shown in Figure 3 , d 54 -DMPC undergoes a sharp phase transition at 19 °C, with little evidence of coexistence between liquid crystal and gel phase, as expected. However, for VDAC1/d 54 -DMPC 2D crystals, the transition is more gradual. Compared to the spectra of pure lipid, the spectra of 2D crystals appear to be a superposition of liquid crystal and gel phase spectra, suggesting coexistence of both liquid and gel phase over a range of at least 10°C
. The sharp peak in the middle of the spectra is most likely due to residual deuterated water. The phase transition can be visualized by examining as a function of temperature. For pure d 54 -DMPC, the phase transition is apparent by a break in linearity of versus temperature below 19 °C, the phase transition temperature, as shown in Figure   4 . For the 2D crystals, is larger at temperatures above and smaller below 20 °C compared to the pure lipid (see also Figure S3 ). Although there is no obvious break in linearity, the fact that the 2 H NMR lineshape at 39 °C resembles that of liquid crystal phase, but at 14 °C that of gel phase, indicates that a phase transition must exist, albeit very gradual and hard to quantify. Interestingly, the terminal methyl group appears to show a decreased splitting in the 2D crystals ( Figure S3 ) suggesting that the rigidification of the acyl chains is not necessarily homogeneous across the lipid bilayer.
Thus, consistent with the DSC experiments, the 2 H NMR experiments show a significant effect of the protein on the lipid phase behavior, causing a broadening of transition temperatures. This suggests that the transition is less cooperative in the 2D crystal. In addition, both NMR and DSC indicate the coexistence of different domains of lipids in distinct phases, with at least part of the lipids eventually transitioning to a liquid crystalline state that is reminiscent of the bulk phase of fluid DMPC bilayers.
In addition to the temperature dependent data presented above, we also acquired 2 H NMR temperature-dependent data using a higher protein-to-lipid molar ratio of 1:50, which is the same amount used in a previous MAS NMR study 71 . This protein-to-lipid ratio is outside the range reported by Dolder et al. for forming 2D crystals 63 and under these conditions samples were likely liposomes. See Figure S5 . Even with a higher lipid content we see significant effects of the protein on the lipids. There appears to be no indication of significant amounts of bulk lipids, nor does there appear to be separate phases (2D VDAC1 crystals surrounded by macroscopically separated lipids) since we see no indications of a second component with the same phase behavior as bulk DMPC. This is consistent with the idea that this protein-to-lipid ratio forms homogenous samples where VDAC is distributed evenly in the membrane and not forming 2D crystals.
Structural comparison of VDAC1 in liquid crystalline and gel phases
Generally most membrane proteins are most active in the L α phase of lipid bilayers. The underlying reasons for this have been studied in detail for several membrane proteins 84, 85 , and it has been reported that decrease in protein function is correlated with changes in membrane protein structure as the lipids transition from the L α to an L β phase. In bilayers containing both L β and L α phases, membrane proteins preferentially partition into L α domains [86] [87] [88] . Here we examine the possibility of conformational changes observed for VDAC based on MAS NMR of 13 C, 15 N isotopically labeled VDAC1 in 2D DMPC crystals. Comparison of chemical shifts for 13 C correlation spectra at temperatures above and below the lipid phase transition temperature of 27 °C permit us to look for conformational changes as a function of lipid phase, which also probes the effect of changes in lipid bilayer thickness. Our experiments also allow us to detect possible aggregation or exclusion of VDAC1 as a function of lipid phase by comparison the resolution and chemical shift dispersion of the 13 C NMR spectra. Figure 5 shows 13 C-13 C correlation spectra of VDAC1 in 2D crystals collected near 0 °C and 30 °C, above and below the elevated DMPC T M . Assignment of peaks arising from the N-terminal region of VDAC1 was achieved by 2D and 3D 13 C-13 C and 15 N-13 C- 13 C correlation experiments that will be described in a future publication. Chemical shifts for peaks arising from the N-terminal region of VDAC1 as well as the β-barrel are nearly identical, indicating that the phase of the lipid bilayer does not perturb the channel structure. Furthermore, the resolution and chemical shift dispersion for data collected above and below T M are also very similar, indicating that VDAC1 remains well structured and is not aggregated when the lipid bilayer is in the L β phase. Furthermore, since RFDR relies on homonuclear dipolar couplings, cross peak intensities are sensitive to local motion on the NMR time scale. Cross peak intensities and peak linewidths for data collected above and below the phase transition are nearly identical, indicating little difference in local dynamics. Spectra acquired below the T M exhibit line widths that appear only marginally broader, <5% or less than spectra acquired above T M . Furthermore, the MAS spectra show that the N-terminal region is rigid above and below the phase transition. In these samples, the overall structure of VDAC1 appears to be robust over a range of temperatures and relatively unaffected by the DMPC lipid phase transition.
Comparison between VDAC1 in DMPC and DPhPC
The VDAC1 functional studies in this paper, as well as many others, were performed in DPhPC lipids. DPhPC lipids do not exhibit a phase transition over a wide temperature range and have an ether linkage that protects them from hydrolysis. These samples permit us to probe the structure of VDAC1 in 2D crystals in the same lipids used to reconstitute VDAC1 for the functional studies. Since the NMR experiments are performed under conditions where no voltage is applied across the membrane, it is likely that VDAC is in the "open" conformation for the NMR experiments. We reconstituted VDAC1 in DPhPC lipids at a molar ratio of 1:20 (1:2 w/w, protein:lipid) under two different dialysis conditions. In the first sample the dialysis buffer was the same as the one used to prepare DMPC 2D crystals, including Mg 2+ . In the second dialysis buffer, only 50 mM sodium phosphate was used. The second preparation was done in order to probe the effect of Mg 2+ in the dialysis buffer, which has been reported to be required for the formation of DMPC 2D crystals 63 . 13 C MAS NMR correlation spectra comparing VDAC1 in DMPC to VDAC1 in DPhPC are shown in Figures 6 and 7 . The spectrum of VDAC1 in DPhPC shows a high dispersion of sharp peaks, similar to VDAC1 in DMPC. This demonstrates that VDAC1 in DPhPC under our reconstitution conditions yields samples with a high degree of microscopic order. Clearly some differences are present, but the overall dispersion of peaks is essentially identical in both spectra and all of the chemical shifts that can be observed in both spectra completely overlap, including for the N-terminal residues. This demonstrates that the backbone structure of VDAC1 reconstituted in DMPC and that of the protein reconstituted in DPhPC are nearly identical. Interestingly, linewidths in the DPhPC data are about 10-15% narrower when compared with VDAC1 in DMPC collected under identical conditions. Furthermore, data in DPhPC show a number of peaks for Cα-Cβ backbone sites that were missing compared to data in DMPC and that fall within the beta barrel region of the protein. This suggests differences in dynamics for the β-barrel backbone between DMPC and DPhPC and is under further investigation. Furthermore, DPhPC samples prepared with and without the presence of Mg 2+ yielded identical spectra, indicating that magnesium was not required for the formation of a high degree of microscopic order in DPhPC lipids.
Discussion Electron Microscopy
Electron microscopy was used to validate our preparation of VDAC-DMPC 2D crystals and confirm that we were studying the same system as reported in Dolder et al. Furthermore EM images of DMPC/DOPG preparations at a protein-to-lipid molar ratio of 1:25 showed 2D crystals that appeared to be qualitatively very similar to 2D crystals obtained with only DMPC (see Figure S6) , although a detailed comparison of the lattice parameters was not undertaken. VDAC1 reconstituted in DPhPC also appeared to yield 2D crystals (see Figure  S7 ) at a protein-to-lipid ratio of 2:1 (w/w), 1:20 molar ratio.
Functional characterization of VDAC
Triton X-100 and cholesterol were previously proposed to be required for recombinantly expressed, refolded, and reconstituted VDAC1 to form properly functioning channels 57, 89 . Here we demonstrate that refolded recombinant VDAC1 reconstituted into planar bilayers directly from VDAC1-DMPC 2D crystals forms functional channels with characteristic single-channel conductance and voltage-gating behavior (Figures 1 and S2 ) without the requirement of either cholesterol or detergent. These properties are similar to those of VDAC1 isolated from mitochondria of different sources and reconstituted into planar membranes at similar experimental conditions 81, [90] [91] [92] [93] . The presence of detergent could also affect VDAC ability to refold from the detergent solution into the planar membrane. 80 However, circular dichroism analysis suggests that the conformation of fungal VDAC in Triton X-100 micelles is very similar to its pore-forming conformation in lipid membranes. 94 Our data also show that presence of Triton-X-100 in VDAC-DMPC lipid crystals does not affect channel properties. Triton-X-100 for channel reconstitution from 2D crystals is not required. These channels gate properly regardless of the presence of Triton X-100.
Experiments with reconstituted channels, including those described here, require stable planar membranes that must last for up to several hours. Such stability is very difficult if not impossible to obtain with DMPC bilayers, most likely because the phase transition of C 14 acyl chains lipids is near room temperature. Therefore, VDAC was reconstituted into membranes made of DPhPC, a lipid widely used in ion channels reconstitution experiments [95] [96] [97] [98] . Insertion of VDAC1 from DMPC 2D crystals into DPhPC bilayers may involve membrane fusion, and it is possible that protein might undergo significant structural rearrangements upon transitioning from detergent micelles or lipid 2D crystals into the lipid planar bilayer as was suggested earlier 91 . We cannot entirely discard the possibility of a conformational change upon transition of VDAC from 2D crystal to the planar membrane in our experimental design to measure VDAC gating; however, MAS NMR results of VDAC1 reconstituted into DPhPC suggest that VDAC1 adopts a very similar if not the same conformation between DMPC and DPhPC.
DSC thermogram of VDAC 2D crystals and estimation of amounts of bulk and annular lipids
DSC and 2 H NMR measurements show a broadened, multicomponent phase transition with a maximum at 27° C for lipids in the VDAC1/DMPC 2D crystals. This observation suggests the existence of bulk and bound lipids in the 2D crystals that contribute to the phase transition. However, considerations of the area of the VDAC surface and protein-to-lipid ratio do not appear consistent with this simple interpretation. The formation of 2D crystals occurs over a specific molar ratio of protein to lipids and permits us to measure of the minimum number of lipids required to prevent protein aggregation and properly "solvate" the protein molecules. These solvating lipid molecules could occupy an annulus, and we can estimate the number of annular versus bulk lipids by considering the size of the pore as determined from diffraction and NMR structures for VDAC1. These dimensions permit us to estimate the number of lipid molecules required to cover the surface area.
We first consider the case where the 2D crystals could be composed entirely of VDAC1 monomers. The pore of VDAC1 is elliptical with dimensions of 27 Å and 24 Å for the longer and shorter axes 58 . With an effective lipid diameter of 8.7 Å 99 , approximately 24 lipid molecules are required to form the first shell of the bilayer around each channel. This is illustrated in Figure 8 , which shows a projection of VDAC1 surrounded by a single shell of 12 DMPC molecules per monolayer. The optimal molar ratio used to form homogenous samples of 2D crystals was approximately 1:25 (protein:lipid) as determined by optimization of the quality of NMR spectra. For the case of VDAC1 monomers, this ratio would be approximately the minimal amount required for each protein molecule to have one annulus, and there would be no bulk lipid present in the 2D crystals. This result contrasts the idea that at least some bulk lipids contribute to the phase transition. Also this contrasts the observation of regular occurring depressions observed on the surface of the 2D crystals which are attributed to areas of lipid density 63 . Since samples with DMPC were prepared using the same dialysis conditions as Dolder et al. it is more likely that VDAC1 forms dimers in our 2D crystal samples as was previously reported 63 . For the case of dimers, if two protein molecules share annular lipids along one face, the number of lipids required to occupy a shell around both protein molecules is 20 to 21; if protein-protein interactions occlude the presence of lipids entirely around both molecules, the number of required lipids reduces to 18. This case is illustrated in Figure 8 . For the case of dimers, approximately 20% to 28% of lipid molecules could be available as bulk. It is interesting to note that Dolder et al. reported the formation of 2D crystals between relative weight ratios of 2:1 (protein:lipid) and 5:1 (protein:lipid), corresponding to a molar range between 1:25 and 1:12.5 (protein:lipid) 63 . In our hands we also observed formation of 2D crystals over this range. However, a protein-to-lipid molar ratio of less than 1:25 produced samples that appeared to be heterogeneous mixtures of 2D crystals and amorphous precipitates, and the quality of resulting NMR spectra was compromised, especially for the case where a protein-to-lipid molar ratio of 1:12.5 was used. Given our estimation of the number of annular and bulk lipids present for VDAC dimers, this suggests that at protein:lipid ratios lower than 1:20 to 1:18 there are insufficient number of lipids for the formation of a complete annulus, leading to possible VDAC1 aggregation in order to minimize exposed hydrophobic regions for some fraction of the protein:lipid mixture. It also suggests that some bulk lipids are required to form homogenous populations of purely 2D crystals. However, a detailed molecular interpretation of the DSC curve and its connection to the 2 H spectral lineshapes requires additional experiments.
A second interesting feature is the increase in T M from 19 to 27 °C This is also a different result from consideration of two-component systems. The increase in T M was predicted by Marcelja 100 in the context of lipid-mediated protein-protein interactions present in bilayers with high membrane protein concentration. According to Marcelja's model, attractive forces between protein molecules promote clustering, which decreases the total free energy of the membrane by decreasing the total amount of boundary lipid. Furthermore, stronger proteinlipid interactions shift the bulk phase transition temperature higher than for pure lipid bilayers. These general theoretical results agree with our experimental data. The idea of strong protein-lipid interactions was also supported in the observation of very small variations in lattice parameters for VDAC 2D crystals 63 .
H NMR spectra and acyl chain packing in the lipid hydrophobic core
In this paper, we have shown the DSC and 2 H NMR spectra observed are reminiscent of previous studies of lipid reconstituted with large amount of cholesterol 42 or peptides 82 relative to phospholipid, consistent with the fact that formation of the 2D crystal can be induced by decreasing lipid content, 65 thereby increasing the protein-to-lipid ratio. In this lattice, the liquid crystal phase of the bilayer becomes more ordered and takes on gel phase characteristics with slower dynamics, while the gel phase becomes disordered and more fluid, leading to a smoother, gradual phase transition as observed by the width of in Figure 4 , determined by the section of acyl chain closer to the lipid headgroup. This finding is actually in contrast with previous studies of lipid-protein systems, which showed disordering of the gel phase, but not ordering of the liquid crystal phase above T c 101-103. At first glance, the 2D crystals studied here appeared to be more cholesterol-lipid like, rather than protein-lipid. Nevertheless, this ordering effect is predicted for a system with strong protein-lipid interaction according to the theoretical model by Marèelja. 100 Therefore, this observation might be a unique feature of 2D crystals compared to other model and biological membranes.
In contrast with the ordering effect observed at the top of the acyl chain, the behavior observed at the hydrophobic core of the bilayer, formed by the lower part of the acyl chain, is not the same. While the plateau region is broadened for the 2D crystals, the methyl splittings are however not broadened and even appear narrower at lower temperatures in the crystals up to 29 °C, where the splittings roughly match to those in pure DMPC (see Figure  4 and Figure S3 ). This suggests that the presence of VDAC1 perturbs the hydrophobic core of the bilayer and disrupts acyl chain packing. VDAC1 insertion appears to make the bilayer as a whole more rigid while the terminal methyl groups are more mobile. This could be due to the shape of VDAC1, since the channel pore has a slightly concave shape 59 and may allow for greater motion for the terminal methyl groups. Similar disordering at the terminal methyl group was previously observed in the study of DMPC with cytochrome oxidase, showing that boundary lipid is disordered. 101, 102 This behavior would also explain the large decrease in transition enthalpy and increase in transition temperature range measured by DSC, as the creation of a protein perturbed region in the bilayer would lead to loss of cooperativity as lipid-lipid contacts are disrupted.
Since the de-Paked spectrum shows only one lipid environment exists in the liquid crystal phase, perturbation of the lipid bilayer by VDAC1 is universal. This shows that there exists very little conformational flexibility for lipids in the space between VDAC1, similar to a previous study 104 involving cholesteryl-β-cyclodextrin (βCC) derivatives as well as the electron crystallography study 11 with AQP0. The tight packing of proteins in the lattice is expected since 2D crystals are known to be rigid and stable, thus is possible that no lipid is left unexposed to VDAC1. Tight lipid packing can also explain the increase of the main phase transition temperature, T M , observed in DSC as electrostatic attraction between VDAC1 and the lipid headgroups increases. However, the presence of three distinct transitions in the deconvoluted DSC thermogram eludes a complete explanation. The asymmetric DSC profile suggests there may very well be a second lipid environment. Potentially the two phases could be similar to each other, and line broadening in the 2D crystal 2 H spectrum makes them indistinguishable. Alternatively, the transition might be more complicated than the simple two-state transition model assumed by DSC deconvolution, as discussed by Huang et al. 46 
MAS spectra of VDAC/DMPC 2D crystals
As shown in Figures 5-7 , the 2D crystals of VDAC yield NMR spectra with superb resolution. Typically 13 C linewidths are between 0.25 and 0.5 ppm for uniformly labeled VDAC and 15 N linewidths are less than 0.5 ppm at 750 MHz 1 H frequency. This resolution appears to be better than that observed in VDAC1 preparations in liposomes described elsewhere 71 . The sensitivity afforded by 2D crystal preparations allows acquisition of 2D spectra in 8 hours or less and 3D experiments require 5 to 7 days. 13 C and 15 N chemical shifts assignments for the N-terminus, which consists of approximately the first 20 residues, for VDAC1 in 2D crystals could be identified this way. For example, cross peaks due to A2, V3, P4, etc. and extending up to V17 are illustrated in Figure 7 . The lack of change in these resonances between different 2D crystal preparations suggests that the conformation of the N-terminus, which is proposed to be involved in channel gating, is not sensitive to temperature and choice of lipid matrix (see Figure S8) . Moreover, the N-terminus shifts are also consistent with those reported for preparations in liposomes, where it was also reported that resonances from the N-terminus remained unaffected by changes in sample temperature and liposome composition 71 . It is worth noting that, aside from an overall gain in sensitivity, many additional peaks are detected in the 13 C-13 C and 15 N-13 C spectra of 2D crystals that are not observed with VDAC1 in liposomes. For example, a significantly greater number of peaks were observed in the 15 N-13 C one-bond TEDOR spectrum shown in Figure S9 compared to 15 N-13 C correlation data reported for VDAC1 in liposomes. These differences are likely due to different dynamic processes present in the samples and will be discussed in future publications. We note that the cross peaks in Figures 5-7 are narrow and single and we have not seen any doubling that would be indicative of multiple, rather than a single, conformation in 2D crystals. Although the resolution and sensitivity of the MAS NMR spectra did not vary strongly with the choice of the lipid matrix, our results do indicate that it is crucial to optimize the protein-to-lipid ratio and remove any improperly folded molecules prior to reconstitution in lipids.
Temperature dependent experiments-Changes in lipid phase could induce changes in the structure of VDAC, changes in protein dynamics, or possibly induce protein aggregation. Spectra recorded above and below T M are nearly identical, indicating that there are likely no global changes in protein structure. In addition, crosspeak intensities in both spectra are also comparable within experimental error, indicating little to no changes in protein dynamics. Additional peaks are possibly observed in overlapped regions of the spectra at lower temperatures but this effect is not dramatic. In part due to its different secondary structure, we could unequivocally assign the resonances of the N-terminus and show that the conformation and dynamics of the N-terminus remain unchanged over a range of temperatures and lipid compositions. These observations are consistent with previous MAS NMR studies of VDAC in liposomes, which showed that N-terminal residues did not change their structure or dynamics in response to changes in the temperature or liposome lipid composition 71 . Thus, it appears that the N-terminal rigidity and apparent overall structural robustness of VDAC in these 2D crystals is not simply due to stabilizing effects induced by 2D crystal formation. A detailed comparison between MAS NMR data of VDAC1 DMPC 2D crystals acquired near 30 °C and the previously published data of VDAC1 DOPE liposomes acquired near 25 °C in Figure S5 of Reference 71 appear to reveal some differences. For example, A2 appears to be shifted or possibly assigned differently between DOPE liposomes at 25 °C and DMPC liposomes at 5 °C and DMPC 2D crystals at 30 °C. Furthermore, crosspeaks L10 Ca-Cb, V3 Ca-Cb, and L144 Ca-Cb appear to be diminished or highly asymmetric in the spectrum collected at 25 °C in DOPE compared DMPC 2D crystals at 30 °C. As these data were acquired on different samples under somewhat different experimental conditions, it is not clear if these differences can be attributed directly to differences in dynamics between the liposomes and 2D crystals and further studies are needed to delineate possible differences. Overall, the overall structure of VDAC1 in 2D crystals appears to be robust over a range of temperatures and relatively unaffected by the DMPC lipid phase transition. This is in contrast to some α-helical membrane proteins, which have been shown to exhibit structural changes as a function of temperature and lipid phase, which consequently perturb their function 3, 101, 105, 106 .
Estimation of hydrophobic thickness and comparison of MAS spectra for lipids with different acyl chain lengths
The hydrophobic region of integral membrane proteins and length of surrounding fatty acyl chains is often matched as closely as possible to minimize the cost of unfavorably exposing the acyl chains or protein transmembrane region to an aqueous environment. Differences between the protein hydrophobic thickness and acyl chain length can be minimized by protein conformational changes, protein aggregation, or stretching/compressing of fatty acyl chains. Stretching of the acyl chains leads to apparent ordering 47 , which can be observed as a decrease in order parameters and is consistent with our measurement of order parameters for VDAC1-DMPC 2D crystals. To probe the effect of possible hydrophobic mismatch in VDAC1 2D crystals, we estimate the hydrophobic thickness and compare it to values of acyl chain length for lipids used in this study. Since tryptophan and tyrosine residues frequently flank bilayer spanning regions of integral membrane proteins, we can estimate the hydrophobic thickness of VDAC1 from the distance between these residues, as observed in Figure 9 . From the positions of these residues in the crystal structure of murine VDAC1 (PDB 3EMN), we estimate the hydrophobic thickness to be 24 Å, which is in line with the average hydrophobic thickness of many β-barrel bacterial porins. The thickness of DMPC bilayers above the phase transition is approximately 23 Å, slightly shorter than the effective hydrophobic thickness of VDAC. For DPhPC, the bilayer thickness is approximately 25.5 Å, slightly longer than the estimated hydrophobic thickness of VDAC1.
Hydrophobic mismatch can induce changes in lipid bilayer structure, membrane protein structure, or both. Figures 6 and 7 permit structural comparisons of VDAC1 in 2D crystals for lipids that are slightly shorter and slightly longer than the estimated hydrophobic thickness. To assess the affect of possible hydrophobic mismatch on the structure of the open channel, we compare 13 C NMR spectra of VDAC1 in DMPC and DPhPC. The chemical shifts for almost all Cα-Cβ cross peaks in Figures 6 and 7 are identical between DMPC and DPhPC spectra, indicating that the VDAC1 backbone structures are nearly identical in both DMPC and DPhPC samples. Secondary chemical shifts of missing peaks indicate that almost all peaks missing in the DPhPC spectra occur for sites in the β-strands of the protein. Peaks missing from β-strand regions in the DPhPC spectra may be broadened beyond detection by protein dynamics interfering with cross polarization or 1 H decoupling during the NMR experiments 108, 109 . Peaks arising from residues in the N-terminal domain strongly appear in both DPhPC and DMPC, suggesting this region is very rigid in both lipids. Interestingly, the crosspeak assigned as L144 Ca-Cb for VDAC1 in liposomes (Ca at 52.2 and Cb at 46.2 ppm) 71 is not present in spectra for VDAC1 in DMPC 2D crystals but does appear in spectra for VDAC1 in DPhPC 2D crystals (Figures 6-7) . The reason for this difference is under further investigation and may be correlated to changes in dynamics for some regions of the protein between DMPC and DPhPC.
Concluding Remarks
In this study we have shown that there is sufficient bulk lipid in VDAC1 2D crystals to observe a phase transition and that T M is increased by approximately 8 degrees and the transition broaden relative to that of pure DMPC. Experimental results agree, at least qualitatively, with the extended molecular field model proposed by Marcelja, whereby lipidmediated protein-protein interactions and lipid-protein interactions are necessary to explain the broadened phase transition and elevated T M found in 2D crystals. A minimum number of lipids is required to form homogenous samples of 2D crystals. This can be understood by examining the number of lipids required to occupy the VDAC1 annulus, which appears to be roughly 2/3 of the total amount of lipids required to form 2D crystals.
The structure of VDAC1 appears to be unaffected by lipid phase and small differences in acyl chain length. No conformational changes were detected between experiments collected above and below the lipid phase transition, and likewise no conformational changes were detected between lipids with acyl chain lengths slightly shorter and slightly longer than the estimated VDAC1 hydrophobic thickness. The N-terminal region is rigid and well structured over the range of temperatures probed in this study, including temperatures similar to those used in solution NMR studies. The MAS NMR data of VDAC in 2D crystals, along with the functional studies, indicate that the formation of 2D crystals do not cause a measurable structure change, nor cause the channel function to be different. Indeed, VDAC1 reconstituted into planar membranes from 2D DMPC crystals actually does not require the presence of Triton X-100 nor the presence of cholesterol to function properly, in contrast to electrophysiological measurements performed on VDAC1 in LDAO micelles. Our observations also suggest that 2D crystal formation is a useful tool for maximizing MAS SSNMR sensitivity, without necessarily sacrificing biological relevance.
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